The nematode worm Caenorhabditis elegans has produced a wellspring of insights into mechanisms that govern cellular symmetry breaking during animal development. Here we focus on two highly conserved systems that underlie many of the key symmetry-breaking events that occur during embryonic and larval development in the worm. One involves the interplay between Par proteins, Rho GTPases, and the actomyosin cytoskeleton and mediates asymmetric cell divisions that establish the germline. The other uses elements of the Wnt signaling pathway and a highly reiterative mechanism that distinguishes anterior from posterior daughter cell fates. Much of what we know about these systems comes from intensive study of a few key events-Par/Rho/actomyosin-mediated polarization of the zygote in response to a sperm-derived cue and the Wnt-mediated induction of endoderm at the four-cell stage. However, a growing body of work is revealing how C. elegans exploits elements/variants of these systems to accomplish a diversity of symmetry-breaking tasks throughout embryonic and larval development.
O
ver the past few decades, the C. elegans embryo has become a premiere system for studying cellular symmetry breaking in a developmental context. During C. elegans development, nearly every division produces daughter cells with different developmental trajectories. In some cases, these differences are imposed on daughters before or after division through inductive signals, but many of these divisions are intrinsically asymmetric-an initial symmetry-breaking step creates polarized distributions or activities of factors that control developmental potential. Registration of the cleavage plane with the axis of polarity then ensures differential inheritance of these potentials. With respect to cell fates, the output of these asymmetric divisions is amazingly diverse, yet the embryo seems to accomplish this diversity through variants of a few conserved symmetry-breaking systems. Thus the C. elegans embryo provides an exceptional opportunity to explore not only the core mechanisms underlying cellular symmetry breaking, but also how evolution can reconfigure these mechanisms to do different but related jobs in multiple contexts.
In this review, we focus most of our attention on two conserved systems that together account for much of the cellular asymmetry observed during C. elegans embryogenesis. The first, which is best known for its role in the early asymmetric cell divisions that segregate germline from the soma, involves a complex interplay between Par proteins, Rhofamily GTPases, and the actomyosin cytoskeleton. Interestingly, the embryo exploits elements of this same system to break symmetry during cleavage furrow specification and to establish apicobasal polarity in early embryonic cells and in the first true embryonic epithelia. The second system we focus on involves an unusual application of WNT signaling pathway components and is used reiteratively throughout embryonic and larval development to distinguish anterior and posterior daughter cell fates. Rather than comprehensively review these systems, we highlight topics not extensively covered in other reviews.
SYMMETRY BREAKING IN P0
The study of cellular symmetry breaking in the C. elegans zygote (called P 0 ) dates back to the discoveries of germline P granule segregation and the partitioning-defective mutants (Strome and Wood 1983; Kemphues et al. 1988) in the 1980s. The P0 zygote polarizes in response to a transient cue associated with the centrosomes/microtubule organizing center (the sperm MTOC) that forms near the site of sperm entry about 25 min after fertilization, following meiosis (Goldstein and Hird 1996) . Acting on an essentially unpolarized cell, the sperm cue triggers a rapid reorganization of the cell cortex, accompanied by the de novo enrichment of conserved polarity determinants known as Par proteins within complementary anterior and posterior cortical domains. The PDZ domain proteins Par-3 and Par-6 and the atypical protein kinase PKC-3 localize to the anterior cortex, whereas the serine/threonine kinase Par-1 and the ring domain protein Par-2 localize to the posterior. These cortical asymmetries are subsequently maintained as the female pronucleus migrates to meet the male pronucleus in the posterior of the zygote, and as they move together toward the zygote's center to form the first mitotic spindle. The asymmetrically localized Par proteins in turn shape the distributions of cytoplasmic factors that specify different developmental potentials. They also shape the distributions of cortical factors that position the mitotic spindle, and thus the first cleavage furrow, to segregate correctly developmental potentials to unequally sized daughters. These later events are causally downstream of the symmetry-breaking mechanism and have been extensively reviewed elsewhere (Cowan and Hyman 2004a; Munro 2006; Goldstein and Macara 2007; Galli and van den Heuvel 2008) . Here we focus on the initial symmetry-breaking events that shape cortical polarity in response to the sperm cue. We focus on C. elegans but also cite regulatory interactions known from work in other organisms.
Asymmetric Contraction and Cortical Flows Segregate Cortical Factors to Establish Cell Polarity
The outline of a mechanism for symmetry breaking in P 0 has emerged in the last few years ( Figs. 1 and 2 ). Near the end of meiosis, the cortex is essentially unpolarized. The ultimately "anterior" Par proteins (Par-3, Par-6, and Pkc-3) are distributed throughout the cortex, where they are required to prevent accumulation of Par-1 and Par-2, probably through phosphorylation of Par-1 and Par-2 by Pkc-3 (Benton and St Johnston 2003; Hao et al. 2006) . Actomyosin contractility drives transient focal contractions throughout the cortex, which concentrate F-actin and myosin into foci with a characteristic spacing of 2-3 mm that then disassemble or disperse, with lifetimes of 60 s (Munro et al. 2004 ). These focal contractions are associated with and presumably drive local membrane invaginations. Movement of the sperm MTOC toward the cortex causes a rapid local cessation of focal contractility and an asymmetrical contraction of the remaining actomyosin network, causing a flow of cortical actomyosin toward the opposite (future anterior) pole. These flows transport Par-3/Par-6/Pkc-3, causing their enrichment within an anterior cap and their depletion from the posterior cortex. This in turn allows Par-1 and Par-2 to associate with the cortex in a complementary posterior domain. In addition to cross-regulating one another, the Par proteins also feedback to modulate actomyosin dynamics, cortical flows, and thus their own redistributions in ways that are still not well understood (Fig. 2) .
How does the sperm cue work mechanically? One possibility is that it triggers the mechanical rupture of a prestressed cortical network, leading to the rapid discharge of stored mechanical stress. This type of mechanical instability is thought to drive symmetry breaking and directional motility of beads coated with agents that promote actin filament assembly in vitro (see van der Gucht and Sykes 2009 and Mullins 2009 ). It may also govern symmetry-breaking processes underlying directional actin-dependent motility of endosomes (Taunton et al. 2000) , chromosomes (Li et al. 2008) , and the episodic myosin-dependent collapse of the cell cortex that underlies shape oscillations in cellular fragments (Paluch et al. 2005) .
However, acute mechanical rupture seems an unlikely explanation for symmetry breaking in P 0 . Direct observations fail to reveal a pronounced depletion of F-actin near the sperm MTOC. This is inconsistent with mechanical rupture of the actin network and suggests that new actin filaments must rapidly assemble to replace any that flow away from the sperm MTOC. Likewise, focal contractions persist as the cortex flows toward the posterior (Munro et al. 2004) . The average duration of a focal contraction (60 s) is short relative to the period of cortical flow (8 min), and the actin filaments and myosin II that accumulate locally during each contraction disappear rapidly when the contraction terminates. Thus the cortical actomyosin network turns over rapidly relative to the timescale of cortical flow, consistent with observations in other cells (Theriot and Mitchison 1992; Watanabe and Mitchison 2002) . Such a network would dissipate stored elastic stress as its stress-bearing elementsactin filaments, cross-linkers, and myosin motors-turnover, and therefore should behave like a viscous material on timescales longer than the lifetimes of its elements. Therefore cortical flows that establish polarity probably represent the response of a viscous material to a persistent gradient of contractile tension, rather than the one-time discharge of a prestressed elastic material. A likely source of this tension gradient is a sustained gradient of Rho activity. Indeed, several recent studies have shown that focal contractility and cortical flows require RhoA, and that the onset of cortical flows is associated with, and requires, a local inhibition of RhoA in the vicinity of the sperm MTOC (Jenkins et al. 2006; Schonegg and Hyman 2006) . This inhibition is associated with local cortical depletion of a Rho GEF called Ect-2 in the vicinity of the Feedback interactions underlying symmetry breaking during polarity establishment in P0. Par proteins and GTPases associate dynamically with the cortex/plasma membrane. F-actin and myosin II organize a contractile network that generates cortical flows, which transport actomyosin, Par-3/Par-6/Pkc-3, and small GTPases (only Rho-1 is shown here). The "anterior" and "posterior" Par proteins cross-inhibit one another's cortical association to help enforce complementarity. The Par proteins and small GTPases also feedback to modulate cortical contractility and thus their own redistribution.
E. Munro and B. Bowerman sperm cue . Depletion of Ect-2 requires functional centrosomes, but not active contractility, making it a prime candidate for mediating the initial symmetry-breaking cue. It has also been suggested that this inhibition requires a Rho GAP called Cyk-4, whose activity may be localized by the deposition of paternally synthesized mRNA/protein during sperm entry (Jenkins et al. 2006) .
WHAT IS THE CUE?
The identity of the cue(s) that trigger polarization, and whether this cue involves microtubules, has been an ongoing controversy. With the possible exception of Cyk-4/RhoGAP (Jenkins et al. 2006) , mutants that fail in polarity establishment have turned out to encode maternally supplied factors associated with centrosome assembly and maturation (O'Connell et al. 2000; Hamill et al. 2002; Cowan and Hyman 2004b) , and UV laser-induced ablation of centrosomes can prevent polarity establishment (Cowan and Hyman 2004) . Thus centrosomes, or something closely associated with them, are required. However, the onset of polarization coincides with the outgrowth of a centrosomally nucleated microtubule array (the sperm aster), and thus it has been difficult to separate a requirement for centrosomes themselves from a requirement for the microtubule aster they produce. Indeed, several groups have shown that when meiosis fails or is slow to complete, the acentriolar meiotic spindle can induce the formation of reversed, but still complementary, distributions of the Par proteins, actomyosin, and some, but not necessarily all, cytoplasmic determinants (O'Connell et al. 2000; Wallenfang and Seydoux 2000; Sonneville and Gonczy 2004; Cowan and Hyman 2006; Tsai and Ahringer 2007) . Initial studies of embryos depleted of b-tubulin by RNAi suggested that neither normal nor reversed polarity induction requires intact microtubules (Cowan and Hyman 2004b; Sonneville and Gonczy 2004) . However, recent work from the Ahringer group documented a strong correlation between the presence and size of the sperm aster and the occurrence and kinetics of polarity establishment (Tsai and Ahringer 2007) ; zygotes with smaller asters took longer to establish cortical polarity. An attractive scenario is that centrosomes (or meiotic chromosomes in the case of polarity reversal) produce a polarity-inducing signal, and that microtubule arrays help to transmit that signal to the nearby cortex, suggesting that the aster is normally involved in transmitting a signal to the cortex, if not in producing that signal. Although it is also possible that microtubules could exert a direct mechanical effect on the cortex, this remains to be shown. Clearly, further progress in this area will depend on identifying molecular components of the cue beyond those factors required to form mature centrosomes and nucleate a sperm aster. These have not turned up thus far in genome-wide screens, perhaps because of pleiotropic or redundant gene requirements.
Some symmetry-breaking systems require a polarizing cue. Others can spontaneously break symmetry in the absence of any cues, often by amplifying local stochastic fluctuations in the concentrations of participating molecules. In these cases, polarizing cues "choose" the axis of symmetry breaking. C. elegans zygotes in which centrosomes are ablated genetically (Munro et al. 2004) or with a UV laser (Cowan and Hyman 2004b) show normal focal contractility but do not spontaneously break symmetry. Local cortical flows associated with focal contractions imply local gradients of cortical tension (i.e., that spaces between foci represent "weak spots"), and yet these do not spontaneously self-amplify to produce global contractile asymmetry. This suggests that there is a threshold level of inhibition that the cue must exceed to trigger symmetry breaking. This could either be a threshold in the inhibition domain size, the duration of inhibition, or both. In wild-type embryos, polarity establishment is associated with the appearance and progressive growth of a smooth posterior domain, which lacks focal contractions and cortical ruffling and contains high levels of Par-2. Interestingly, when centrosomes are laser-ablated after the smooth domain has formed, the domain continues to grow-again supporting the existence of a threshold (Cowan and Hyman 2004b) .
What is the nature of this threshold? Growth of the smooth domain coincides with a progressive depletion of both Rho and Ect-2/ RhoGEF from the posterior (Jenkins et al. 2006; , implying the growth of a zone of relative myosin inactivity. This depletion itself depends on myosin contractility and cortical flow, implying a feedback loop: Local inhibition/depletion of Rho promotes cortical flows that transport Ect-2 and Rho away from the posterior, leading to the further growth of a zone of Rho depletion/inhibition (Fig. 2) . Likewise, in wild-type embryos, the smooth Par-2-rich domain grows progressively during polarity establishment. Previous work suggests that Par-2 acts locally to inhibit myosin II recruitment (Munro et al. 2004 ), again implying a feedback loop: Local accumulation of Par-2 promotes contractile asymmetries that drive flows and transport factors (Par-3/Par-6/ Pkc-3) that inhibit Par-2 accumulation, thus promoting growth of an inhibitory Par-2 domain.
These observations suggest the attractive possibility that the threshold for triggering a self-amplifying asymmetry is associated with the formation kinetics of local Rho-depleted and/or Par-2-rich/myosin inhibitory domains. Simple mathematical analyses show that such feedback loops could endow the cortex with a threshold response (Munro et al. unpublished) . Whether or not they actually do so depends on quantitative details: Cortical flow speeds will depend on the relative magnitudes of contractile forces that drive cortical flow and the effective viscous resistance to flow; cortical exchange rates for key factors and the efficiency of their coupling to cortical flow will jointly determine how rapidly cortical flows either concentrate inhibitors (Par-2) or deplete activators (Rho/ Ect-2), and whether and how rapidly this zone of inhibition becomes self-amplifying.
Measuring these quantities should be an important goal for future studies.
Like Rho, the small GTPase Cdc-42 becomes anteriorly enriched during polarity establishment in a manner that depends on cortical flows ( (Schonegg and Hyman, 2006) , but how this works physically remains to be determined.
WHAT POSITIONS AND STABILIZES THE AP BOUNDARY?
A key feature of polarization in P 0 is that the response to the sperm cue is self-limitingrather than contract itself right off the end of the egg, the asymmetrical contraction "stalls" about halfway across to form stable anterior and posterior domains. How might this work? Studies in a variety of cells suggest that crossinhibitory interactions between anterior (Par-3/Par-6/Pkc-3) and posterior (Par-1/ Par-2) Par proteins implement a kind of winner-take-all competition, in which either Par-3/Par-6/Pkc-3 or Par-1/Par-2, but not both, can occupy the cortex locally (Benton and St Johnston 2003; Hao et al. 2006; reviewed in Munro 2006) . Such a mechanism could dynamically maintain a local boundary between complementary anterior and posterior Par domains. By transporting Par-3/Par-6/Pkc-3, cortical flows would tend to move this boundary toward the anterior. Thus the position of the boundary will be shaped by the magnitude and extent of cortical flow. Indeed, inhibiting contractility during polarity establishment causes the AP Par boundary to shift to the posterior Cuenca et al. 2003) , whereas increasing Rho activity and presumably contractile forces causes the boundary to shift to the anterior (Schmutz et al. 2007; Schonegg et al. 2007 ). Interestingly, if centrosomes are ablated after a symmetrybreaking threshold is reached, then the AP boundary never extends as far as it does in a wild-type embryo; if the boundary has reached its maximal extent before ablation, then it shifts back posteriorly (Cowan and Hyman 2004b) . This suggests that a persistent local inhibition of contractility near the sperm cue may also contribute to positioning the boundary.
However, biasing the strength of contractility cannot alone explain the ability of the cortex to adopt a stable boundary position. A mechanically stable position for the AP boundary implies either an absence of force or a balance of equal and opposite forces. If the anterior cortex is more contractile than the posterior cortex, as implied by the asymmetric distribution of myosin II, focal contractility, and cortical ruffling, then some other mechanism must supply a balancing force. One general possibility is that the anterior and/or posterior cortex contains elastic or viscoelastic material that passively resists deformation. Initially, the contractile forces must dominate resistive forces to allow symmetry breaking to occur, but then either the resistive force must increase, or the difference between anterior and posterior contractile forces must attenuate, as the anterior domain contracts and the posterior domain expands. There are many variants of this scenario, and it is premature to speculate on the underlying molecular mechanisms. Significantly, mutating anterior Par proteins leads to a posterior shift in the AP boundary, whereas mutating posterior Par proteins leads to a posterior shift in par-2 mutants and an anterior shift in par-1 mutants (Kirby et al. 1990; Cuenca et al. 2003; Munro et al. 2004; Velarde et al. 2007) . Thus in addition to cross-inhibitory interactions, the Par proteins must feedback to regulate the balance of cortical forces and their own redistribution. The nature of this feedback is not yet known, but a mechanistic explanation of how the zygote converts local inhibition of contractility into a pair of stable cortical domains must integrate a system of feedback loops involving the interplay between local biochemical regulation, cytoskeletal dynamics, and cytomechanics.
CORTICAL ACTOMYOSIN SYMMETRY BREAKING DURING CYTOKINESIS
Recent work highlights interesting parallels between polarization of the anterior-posterior axis and cleavage furrow specification in P 0 . During cytokinesis, the mitotic apparatus signals to the cell cortex to specify the site of contractile ring assembly. In P0, this involves two classically defined modes of signalingequatorial stimulation and polar relaxation. The key pathway for equatorial stimulation involves the highly conserved centralspindlin complex, formed by a kinesin-6 motor (Zen-4/Mklp-1) and a Rho GAP (Cyk-4/ MgcRAC-GAP). In many other cells, centralspindlin locally activates the Rho GEF (Ect-2/ RhoGEF) to specify an equatorial zone of high Rho activity (Somers and Saint 2003; Yuce et al. 2005; Nishimura and Yonemura 2006) . The molecular mechanisms underlying polar relaxation have been more elusive, but recent work in C. elegans (Werner et al. 2007 ) and other cells (Foe and von Dassow 2008; Murthy and Wadsworth 2008) points to a key role for astral microtubules in shaping the distribution of signal(s) that locally inhibit Rho-dependent myosin recruitment/activation at anaphase, biasing cortical contractility to the equator, where the density of astral microtubule plus ends may be low (Deschant and Glotzer, 2003) .
In C. elegans, the astral and central spindle pathways function redundantly during normal cytokinesis, but it has been possible through physical, genetic, and pharmacological manipulations to isolate and resolve their individual actions within the same cell (Hird and White 1993; Bringmann and Hyman 2005; Bringmann et al. 2007; Werner et al. 2007; Baruni et al. 2008) . Studies of cortical actomyosin dynamics and furrowing in these manipulated embryos reveal parallels between cortical responses to astral signals during furrow induction and the sperm cue during polarity establishment (Fig. 3) (Hird and White 1993; Werner et al. 2007 ). In wild-type C. elegans embryos, and in mutant embryos lacking functional centralspindlin, anaphase onset coincides with a burst of cortical myosin recruitment (Werner et al. 2007 ). This recruitment is biased to regions that are relatively devoid of microtubule plus ends-the anterior cortex and a broad equatorial domain that prefigures the contractile ring ( Fig. 3C ) (Dechant and Glotzer 2003; Werner et al. 2007 )-and newly recruited myosin concentrates within foci that are similar in size and spacing to those observed during polarity establishment. When partial inhibition of astral microtubule assembly leads to the formation of a small posteriorly localized spindle, anaphase myosin recruitment occurs everywhere except in a region surrounding the posterior spindle (Fig. 3E ). This is followed by an asymmetric contraction of the cortex, cortical flows, and the formation of a single transient deeply ingressing anterior furrow that resembles, at least superficially, the pseudocleavage furrow that forms during polarity establishment (Werner et al. 2007 ). Interestingly, cortical flows and furrowing in response to the sperm MTOC cue and to posteriorized spindles at anaphase share similar requirements for Rho and Ect-2, and similar dependencies on factors that regulate myosin II activity (e.g., let-502/Rho Kinase and Mel-ll/phosphatase) or actin assembly (Cyk-1/ Formin) downstream of Rho. Moreover, perturbations that inhibit pseudocleavage or anterior furrow formation in embryos with posteriorized spindles also inhibit furrowing during normal cytokinesis in embryos lacking Zen-4 (Bringmann et al. 2007; Werner et al. 2007) .
These data suggest that underlying normal cytokinesis, as proposed by White and Borisy more than 25 years ago (White and Borisy 1983) , is an ability of the actomyosin cortex to amplify crude asymmetries imposed by astral inhibition into more sharply focused zones of contractile activity. In wild-type embryos, this ability is supplemented by direct equatorial stimulation via the central spindle pathway. Although Borisy and White envisioned amplification through flow-mediated reorientation of cortical microfilaments, it is also possibleperhaps more likely-that amplification is mediated through cortical transport of factors (e.g., Ect-2/GEF, RhoA, Anillin, Cyk-1/ formins) that promote local myosin recruitment/activation or actin filament assembly and cross-linking.
SYMMETRY BREAKING AND ESTABLISHMENT OF SIMPLE APICO-BASAL POLARITY IN EARLY SOMATIC BLASTOMERES
The asymmetric division of P 0 is the first in a series of four asymmetric divisions, each of which produces one daughter that contributes only to soma, and another that produces the germline. Interestingly, the Par proteins segregate into complementary domains before each of these divisions (Fig. 4A-C) (Boyd et al. 1996; Etemad-Moghadam and Kemphues 1995; Guo and Kemphues 1995; Hung and Kemphues 1999; Tabuse et al. 1998) . At least for the second germline precursor division (of P1) (see Fig. 4B ), this is preceded by a movement of the centrosomes and nucleus of P1 toward the posterior pole, and is accompanied by cortical flows of actomyosin and Par-3/ Par-6/Pkc-3 toward the opposite anterior pole (Hird and White 1993; Munro et al. 2004) , suggesting a reiterative use of the same symmetrybreaking mechanisms. In contrast, beginning at the four-cell stage, the somatic daughters manifest a new asymmetry in which Par-1 and Par-2 accumulate on "basolateral" domains of contact between adjacent blastomeres, whereas Par-3/Par-6/Pkc-3 accumulate on the outer noncontacting "apical" domains (Nance and Priess 2002) . Failure to properly establish and maintain these asymmetries is associated with defects in the ingression of endoderm progenitors during early gastrulation (Nance et al. 2003) .
Blastomere isolation and recombination experiments showed that these asymmetries depend on, and can be induced by, cell-cell contacts. As in P0, Par-3/Par-6/Pkc-3 are required to exclude Par-1 and Par-2 from noncontacting surfaces (Nance and Priess 2002; Nance et al. 2003) . However, whereas removal of Par-1 or Par-2 results in loss of cortical Par-3/Par-6/ Pkc-3 asymmetries in P0, it has no discernible effect on these later apico-basal asymmetries of Par-3/Par-6/Pkc-3. Recently, a Rho-GAP called PAC-1 was identified that accumulates specifically on surfaces of cell -cell contact and is required for apico-basal asymmetry (Anderson et al. 2008 ). In pac-1 mutants, Par asymmetries in P 0 are normal but in somatic blastomeres Par-3/ Par-6/Pkc-3 are uniformly cortical, whereas Par-2 and Par-1 are absent from domains of cell -cell contact. Although Pac-1's Rho GAP domain has activity toward Rho, Rac-1, and Cdc-42 in vitro, it appears to act through Cdc-42. Loss of Cdc-42 in somatic blastomeres results in complete loss of Par-6/Pkc-3 from, and the accumulation of Par-2 onto, domains of cell -cell contact. Expressing a constitutively active form of Cdc-42 in the same cells forces accumulation of Par-6/Pkc-3 (and loss of Par-2) at cell -cell contacts without affecting Pac-1 localization. This latter effect depends on a semi-CRIB domain in Par-6 that mediates binding of Par-6 to active Cdc-42 (Aceto et al. 2006) . Together, these data support a model in which Pac-1 inactivates Cdc-42, releasing Par-6/Pkc-3 from cell -cell contacts, and thus allowing Par-1 and Par-2 to accumulate there (Fig. 4E) .
How Pac-1 accumulates specifically at cellcell contacts, and how Pac-1 excludes Par-3 from cell-cell contacts, remains unclear because removal of Cdc-42 (at least in the zygote) does not abolish cortical localization of Par-3 (Gotta et al. 2001; Beers and Kemphues 2006) . One possibility is that Pac-1 acts through additional GTPases, such as Rho itself. Interestingly, the establishment of apicobasal polarity is accompanied by cortical flows of actomyosin toward the center of the apical domain where Par-3/Par-6/Pkc-3 become concentrated (Gotta et al. 2001; Nance et al. 2003; Munro et al. 2004 ). Thus in principle, cortical flows triggered by local inhibition of Rho could establish Par-3 asymmetries as observed in the zygote, but this remains to be tested. In summary, the establishment of apico-basal polarity in somatic cells appears to use a different cue but an overlapping set of molecules and interactions, compared with anteriorposterior polarity establishment in P 0 .
APICO-BASAL SYMMETRY BREAKING IN EMBRYONIC AND POSTEMBRYONIC EPITHELIA
The mechanisms that establish apico-basal polarity in C. elegans epithelia are beginning to receive attention (Labouesse 2006) . Epithelial structures in C. elegans include the gastrointestinal tube that runs the length of the body and the spermatheca, a polarized epithelium that forms a highly distensible valve and links each gonadal arm to a common uterus in the adult hermaphrodite (reviewed in Hubbard and Greenstein 2000; Schneider and Bowerman 2003) . Sperm reside in the spermatheca, and oocytes sequentially transit through them during ovulation and fertilization. Finally, the embryonic epidermis polarizes and ultimately encloses the embryo, after the completion of most cell proliferation at the so-called bean stage. Contractile forces generated by the actomyosin cytoskeleton within the epidermis then promote the morphogenetic squeezing and elongation of an initially oval mass of embryonic cells into a long, thin worm (Priess and Hirsh 1986) .
In each of these polarized C. elegans epithelia, we are only beginning to identify mechanisms that break symmetry during the establishment of apico-basal polarity. Proper junction formation in the intestine and some, but not all, aspects of apico-basal polarity require PAR-6 (Totong et al. 2007 ). Polarized organization of the cytoskeleton within, and attachment of pharyngeal epithelial cells to the epidermal surface at the mouth of the worm, requires a RhoGAP and a kinesin, CYK-4 and ZEN-4, respectively (Portereiko et al. 2004) , which form the "centralspindlin" complex known previously only for requirements during cytokinesis (see previous discussion). In the spermatheca, C. elegans orthologs of Scribble and Discs Large, required for neuroblast polarity in Drosophila (see Prehoda 2009), are required for the apical polarization of PAR-3 (Pilipiuk et al. 2009) , and loss of PAR-3 causes ovulation defects (Aono et al. 2004 ). Finally, although genetic investigations of embryonic morphogenesis in C. elegans have improved our understanding of epidermal structural integrity, the mechanism of epidermal polarization, and how polarization influences epithelial integrity, remains poorly understood. With the exception of C. elegans LET-413/Scribbled, known polarity regulators that act elsewhere in the embryo are not expressed or required in the embryonic epidermis (LaBouesse 2006). However, roles for PAR-3 and PAR-6 within intestinal and spermathecal cells were only recently discovered (Aono et al. 2004; Anderson et al. 2008 ) using more targeted approaches to inactivate gene products at specific times and places during development. These roles are conserved in mammalian epithelia (see Nelson 2009; McCaffrey and Macara 2009) , and as additional mutant alleles and genetic tools become available we should learn more about symmetry breaking in C. elegans epithelia.
REITERATIVE POP-1 ASYMMETRY AND b-CATENIN MEDIATED BINARY SPECIFICATION
As discussed previously, the PAR proteins control an early sequence of asymmetric cell divisions that each segregate germline from the soma. Partway through this sequence, another mechanism that relies on the differential localization and activation of Wnt signaling pathway components makes daughter cells different. This mechanism is first used at the 4-cell stage to distinguish endoderm from mesoderm. It then continues to influence sister cell fate distinctions throughout somatic development, whenever a cell divides at least in part along the anterior-posterior (AP) body axis. We refer to this process as reiterative binary specification, as it repeatedly mediates the binary distinction of anterior versus posterior sister cell fates throughout embryonic and larval development (Kaletta et al. 1997; Huang et al. 2007) .
As nearly all C. elegans cell divisions occur with mitotic spindles aligned along the AP axis (Sulston and Horvitz 1977; Sulston et al. 1983) , the single mechanism of binary specification apparently influences nearly every cell fate decision made during C. elegans development. Extensively studied examples include the embryonic induction of endoderm, and asymmetric larval cell divisions of the somatic gonad precursors and tail neuroblasts called T and B (reviewed in Mizumoto and Sawa 2007) . Additional studies indicate that this mechanism appears to influence nearly every AP sister cell fate distinction made during embryonic and larval development (Lin et al. 1995; Kaletta et al. 1997; Lin et al. 1998; Meneghini et al. 1999; Park and Priess 2003; Huang et al. 2007; Bertrand and Hobert 2009) . The extent of this influence was most clearly revealed by use of a temperaturesensitive mutation in the conserved kinase LIT-1/NLK to inactivate binary specification. After temperature up shifts at any time after the four-cell stage, all posterior cell fates were lost in all embryonic somatic cell lineages (Kaletta et al. 1997) .
The ultimate target and mediator of binary specification is a TCF related transcription factor encoded by the C. elegans gene pop-1. More generally, TCFs are the targets of Wnt signal transduction (Nusse 2005) . In C. elegans, a Wnt signal at the four-cell stage induces the first asymmetry in POP-1 levels at the seven-cell stage, and this asymmetry is required for endoderm fate (reviewed in Thorpe et al. 2000) . Briefly, the posterior-most blastomere in a four-cell stage embryo, called P 2 , produces MOM-2/Wnt ligand that polarizes its ventrally positioned sister, EMS (see Fig. 4C ). As a result, nuclear POP-1 levels are lower in E, the posterior daughter of EMS, which adopts an endoderm fate, and higher in its anterior daughter MS, which adopts a mesoderm fate (see Fig. 4D and Fig. 5A ). In the absence of Wnt signaling from P2, POP-1 levels are high in both EMS daughters, and both adopt mesoderm fates, at the expense of endoderm. Beyond the 4-cell stage, whenever wild-type embryonic or larval cells divide at least in part along the AP axis, POP-1 levels are again high and low in daughter nuclei pairs (Lin et al. 1995; Lin et al. 1998) , with low nuclear POP-1 levels promoting posterior fates, and high levels promoting anterior fates. In some larval lineages, the axis of polarity is altered such that POP-1 levels are low in proximal and high in distal daughters, relative to the position of the vulva midway along the anterior-posterior larval axis.
Multiple Wnt pathway components and modulators shape the establishment of POP-1 asymmetries and their functional consequences (Mizumoto and Sawa 2007) . One modulator that acts reiteratively throughout development is a MAP Kinase-related protein encoded by the lit-1 gene (Kaletta et al. 1997; Meneghini et al. 1999; Rocheleau et al. 1999 ). In lit-1 mutants, nuclear POP-1 levels are high in both daughters of all AP divisions, and in all cases examined both daughters adopt anterior fates (Kaletta et al. 1997 ). More recently, vertebrate orthologs of LIT-1 (called NLKs) also have been shown to modulate Wnt signaling (Thorpe and Moon 2004) .
In conjunction with LIT-1, two highly diverged b-catenins called WRM-1 and SYS-1 also act reiteratively throughout development to influence the levels and transcriptional activity of POP-1 (Mizumoto and Sawa 2007) . Both WRM-1 and SYS-1 are enriched in posterior daughter cell nuclei after all AP cell divisions, complementary to the enrichment of POP-1 in anterior daughter nuclei (Nakamura et al. 2005; Takeshita and Sawa 2005; Huang et al. 2007; Phillips et al. 2007 ), leading to use of the term Wnt/b-catenin asymmetry as an alternative to binary specification (Mizumoto and Sawa 2007) . As with POP-1 (see the following section), at least some of these asymmetries depend on Wnt ligands. WRM-1, in a complex with POP-1 and LIT-1, promotes the phosphorylation and nuclear export of POP-1, lowering its levels in posterior daughters Rocheleau et al. 1999) . The "limiting coactivator" SYS-1, in more typical b-catenin fashion, binds to and converts the remaining posterior nuclear POP-1 molecules into transcriptional activators (Siegfried et al. 2004; Kidd et al. 2005; Lam et al. 2006; Huang et al. 2007 ). Higher POP-1 levels in anterior daughter nuclei overwhelm the limited SYS-1 levels and repress genes activated by POP-1/SYS-1 in posterior daughters. Thus low nuclear POP-1 levels in posterior daughters helps to convert POP-1 into an activator, whereas high levels result in POP-1 acting as a repressor. Such dual regulation of TCF levels and function by two different b-catenins is thus far unique to C. elegans and perhaps other nematodes.
Upstream Cues
The first example of POP-1 asymmetry involves Wnt signaling from the posterior blastomere P 2 (Thorpe et al. 2000) . In a similar fashion, WNT signaling from P2 and its descendants induce subsequent POP-1 asymmetries in anterior somatic AP sister-cell pairs until at least the 28-cell stage (Lin et al. 1998; Meneghini et al. 1999; Park and Priess 2003) . POP-1 asymmetries in the daughters of the larval somatic gonad precursor cells, and of several larval tail neuroblasts, also require Wnt ligands (Takeshita and Sawa 2005) .
However, Wnt ligands may not be directly required for all POP-1 asymmetries. Inactivation of the Wnt receptor MOM-5/ Frizzled results in a loss of POP-1 asymmetry throughout embryogenesis. By contrast, in the absence of a Wnt ligand, POP-1 asymmetry is lost only until the 28-cell stage: Remarkably, POP-1 asymmetries re-emerge by the 50-cell stage in most mutant embryos (Park and Priess 2003) . Analogous results come from studies in which anterior embryonic cells are prevented from receiving Wnt signals from neighboring cells by sequential isolation at birth (Park and Priess 2003) . Early in their development, such repeatedly isolated anterior cells fail to produce POP-1 asymmetry, indicating a requirement for a Wnt signal. But later in their development, the isolated anterior cell lineages acquire, by what would be roughly the 50-cell stage for intact embryos, an intrinsic ability to manifest high/low POP-1 asymmetry in sister cell pairs. This more intrinsic mechanism requires a Frizzled receptor but not Wnt ligands. Intriguingly, the distribution of Frizzled itself is polarized in these later embryonic cells, enriched at the posterior cortex (Park et al. 2004 ). The polarized distribution of, and the Wnt-independent requirement for Frizzled are reminiscent of planar cell polarity in Drosophila epithelia (see Vladar et al. 2009 ). However, no planar cell polarity specific orthologs appear to influence embryonic POP-1 asymmetries (Park and Priess 2003) .
Wnt Signaling and Mitotic Spindle Orientation
Loss of Wnt signaling in the early embryo results not only in losses of POP-1 asymmetry, but also in abnormal spindle orientations in embryonic cells, beginning at the four-cell stage in EMS (Schlesinger et al. 1999; Park and Priess 2003; Hawkins et al. 2005; King et al. 2009 ). Thus POP-1 asymmetry appears to be coordinated with proper mitotic spindle orientation. Indeed, both P 2 and its daughters are competent for Wnt signaling and both can induce POP-1 asymmetry and orient mitotic spindles in reconstructed partial embryos (Park and Priess 2003; Bischoff and Schnabel 2006) . Moreover, Wnt ligand alone attached to beads is sufficient, in the presence of another permissively acting signal, to both orient the mitotic spindle in EMS, and induce POP-1 asymmetry in the daughters of EMS (Goldstein et al. 2006) . Finally, one recent study concludes that a persistent posterior center produces Wnt ligand throughout embryogenesis, acting through a Frizzled receptor-dependent relay mechanism to orient all anterior cell divisions along the embryonic AP axis (Bischoff and Schnabel 2006) . Whether or not such a persistent posterior Wnt signaling center also influences POP-1 asymmetry in later stage embryos is unknown, but these two responses in EMS and other early embryonic cells appear to be coordinated by positionally restricted Wnt ligand cues. The origin of this posterior center is not known but may be established by Par proteins in the early embryo.
These different studies suggest that a temporal change occurs in the mechanisms that establish POP-1 asymmetries and align them along the AP axis. Early on, both POP-1 asymmetry and mitotic spindle orientation require a Wnt ligand called MOM-2. However, after the 28-cell stage anterior lineages begin to acquire an intrinsic, Frizzled-dependent ability to generate POP-1 asymmetry. Indeed, in mom-2/Wnt(-) mutant embryos the later POP-1 asymmetries are properly oriented with respect to the AP axis, even though the exact positions of these embryonic cells are abnormal. Nevertheless, directional cues from Wnt signaling centers may still act to align POP-1 asymmetries and mitotic spindles along the AP axis. Intriguingly, another Wnt ligand, CWN-1, and the Wnt pathway cytoplasmic factor DSH-2/Dishevelled, were recently shown to be required for proper specification of multiple embryonic neuronal cell fates produced by asymmetric cell divisions (Hawkins et al. 2005; King et al. 2009 ). Wnt signaling also influences mitotic spindle orientation during postembryonic development of the vulval precursors cells P5.p and P7.p (Green et al. 2008) , with multiple Wnt ligands and receptors required to properly pattern the orientations of these divisions. Thus multiple studies point toward widespread requirements for Wnt signaling throughout C. elegans embryogenesis to regulate binary specification and mitotic spindle orientation. Nevertheless, it remains unclear how POP-1 asymmetries in later stage mom-2/Wnt mutant embryos are all properly oriented such that nuclear POP-1 levels are higher only in anterior sister cells (Park and Priess 2003) . The Evolution of Binary Specification Upstream cue(s) aside, the regulation of POP-1 asymmetry and binary specification in C. elegans seems byzantine. Indeed, nematodes are the only animal phylum with multiple b-catenin genes, and the nematode b-catenins are extremely diverged in amino acid sequence; most animal genomes encode a single b-catenin, although vertebrates encode one additional b-catenin homolog called plakoglobin . Adding another input to an already complex process, a nuclear hormone receptor was recently shown to influence binary specification (Asahina et al. 2006) . Moreover, asymmetric division of the male tail neuroblast B requires a Wnt ligand, a Frizzled receptor, and POP-1, but appears not to require b-catenin regulation, and to weakly require Drosophila planar cell polarity orthologs (Wu and Herman 2006; Wu and Herman 2007) . Furthermore, both Wnt signaling and the planar cell polarity protein Vang-1 modulate binary specification and mitotic spindle orientation during the specification of vulval precursor cell fates in developing larvae (Green et al. 2008) . Thus multiple inputs can influence binary specification. The evolutionary advantage of this complicated regulatory process is not obvious: Why establish a single regulatory module, with multiple upstream inputs and a presumably extensive promoter response network, to influence nearly every cell fate decision made during development?
The answer to this evolutionary puzzle may reside within the recent discovery of a remarkably similar b-catenin mediated binary specification mechanism in another animal phylum (Schneider and Bowerman 2007) . During the asymmetric, spirally patterned embryonic cell divisions of the polychaete annelid Platynereis dumerilii, a well conserved b-catenin accumulates to high levels in all vegetal pole daughter nuclei, and to low levels in all animal pole daughter nuclei. High b-catenin levels are required reiteratively throughout Platynereis embryogenesis to specify vegetal, rather than animal, sister cell fates. This is remarkably similar to the distribution of and requirements for WRM-1 and SYS-1 in C. elegans, with the Platynereis animal/vegetal axis corresponding to the C. elegans anterior/posterior axis. It is not known whether Platynereis TCF levels are asymmetric in a complementary pattern, as for POP-1 in C. elegans. But Platynereis appears to encode only a single well-conserved b-catenin, which presumably functions to convert TCF into a transcriptional activator that specifies vegetal sister cell fates. Thus there may be no need for TCF asymmetry in Platynereis. In summary, although it is not known if binary specification in Platynereis includes TCF asymmetries, b-catenins in both Platynereis and C. elegans are repeatedly enriched in vegetal and posterior daughter cell nuclei, respectively, and required for their fates throughout embryogenesis.
Given the discovery of b-catenin-mediated binary specification systems in two distantly related animal phyla, one wonders whether binary specification might have an ancient evolutionary origin, or instead be an example of evolutionary convergence. A new report favors the latter possibility (Henry et al. 2008) . In Cerebratulus lacteus, a member of the protostome phylum called nemerteans, b-catenin is detectable only in the most vegetal pole embryonic cell nuclei, with no evidence for reiterative sister cell differences in most lineages. This distribution closely resembles the pattern seen in sea urchin and chordate embryos (Fig. 5B) (Schneider et al. 1996; Larabell et al. 1997; Logan et al. 1999) . Although the early embryos of more animal phyla should be examined, highly reiterative binary specification by b-catenin and TCF is limited thus far to C. elegans and Platynereis.
Perhaps the rapid, invariant cell divisions in these nematode and polychaete embryos benefit from an additional regulatory layer that reiteratively reinforces asymmetric sister cell fate decisions. The idea that POP-1 asymmetry provides such a backup mechanism is perhaps consistent with the different degrees to which the SYS-1 conversion of POP-1 into an activator is required for different AP sister-cell fate distinctions. POP-1 appears to act largely as a repressor during the specification of endoderm in the early embryo, with an endoderm requirement for SYS-1 observed in only a small percentage of mutant embryos and a transcriptional activator called SKN-1 being largely responsible for specifying endoderm fate (Huang et al. 2007; Phillips et al. 2007 ). In contrast, SYS-1 conversion of POP-1 into a transcriptional activator is fully required for the specification of proximal sister-cell fate after asymmetric division of the somatic gonad precursor cells (Siegfried et al. 2004) . Finally, recent studies of endoderm specification in the nematode Caenorhabiditis briggsae indicate that C. briggsae POP-1/TCF is required not as a repressor of mesoderm fate, as in C. elegans, but as an activator of endoderm fate (Lin et al. 2009 ). Thus the requirements for POP-1 as a transcriptional regulator are also subject to evolutionary variation.
In both C. elegans and Platynereis, b-catenin serves well as a regulator of binary specification, with ubiquitous expression, rapid proteolytic regulation, and an ability to convert TCF into a transcriptional activator. Apparently evolution has twice selected even very different b-catenins as universal reinforcers of sister-cell fate distinctions during the rapid development of relatively simple animal embryos with invariant cell lineages.
WRM-1 P P P P P P P P P P P P Binary specification has been identified in two species, the nematode C. elegans and the polychaete annelid Platynereis dumerilii (both invertebrate protostomes). This similarity may be an example of evolutionary convergence, as b-catenin is restricted to vegetal pole nuclei in embryos of a sea urchin (an invertebrate deuterostome) and the nemertean (an invertebrate protostome).
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CONCLUDING REMARKS
We have focused on two apparently distinct systems for breaking cellular symmetry during C. elegans development. In one, Par/Rho/ Cdc-42/Actomyosin establish and maintain AP polarity during the early asymmetric cell divisions that segregate posterior germline potential from anterior somatic cell fates, beginning with the first mitotic division of the one-cell zygote. A second symmetry-breaking system begins to operate at the four-cell stage, when a posterior blastomere produces a Wnt ligand that induces the asymmetric division of an adjacent ventral blastomere. As a result, this responding blastomere divides such that its posterior daughter produces endoderm whereas its anterior daughter produces mesoderm.
Both systems involve distinct sets of conserved molecular players and interactions; both are used reiteratively, with lineage specific modifications, to accomplish a sequence of related jobs. The Par/Rho/Cdc-42/Actomyosin network has been most extensively studied during the first mitotic division of the zygote, but it appears to be involved in all five of the asymmetric cell divisions that ultimately produce the single C. elegans germline precursor, whereas elements of this network operate during cleavage furrow specification and the establishment of apico-basal polarity. The Wnt pathway mediated symmetry-breaking system, here called binary specification, is remarkably reiterative, influencing many if not all sister cell fate distinctions that are made whenever an embryonic or larval cell divides along the AP axis, beginning when the ventral-most blastomere in a four-cell stage embryo divides along the AP axis. Again, the different variants of binary specification that have been characterized thus far appear to involve stage-and/or lineage-specific modifications of a fundamentally conserved pathway.
Two areas of future research promise to advance our understanding of the Par/Rho/ Cdc-42/Actomyosin symmetry-breaking system in the near term. First, understanding the mechanics of symmetry breaking in the onecell C. elegans zygote will require an expanded use of computational modeling. Critically, these modeling efforts must be coupled to quantitative measurements of force, molecular concentrations, fluxes, and binding affinities, as recently emphasized in studies of fission yeast cytokinesis (Wu and Pollard 2005; Vavylonis et al. 2008) . Such information should greatly improve our ability to understand how symmetry breaking can be done by continuous remodeling of a dynamic contractile actomyosin cortex, as opposed to the other symmetrybreaking systems in which the entire cortical system collapses away from a single weakened point or region (see Vladar et al. 2009 ). Second, the further exploitation of genetic tools and specific gene alleles to bypass early requirements for the Par/Rho/Cdc-42/Actomyosin system should allow us to greatly improve our currently much more limited understanding of how variants of this network operate during apical/basal symmetry breaking in early embryonic cells and in later appearing epithelial tissues. It also will be interesting to learn to what extent the interplay between Par proteins, Rho GTPases, and actomyosin contractility mediate symmetry breaking in other organisms.
The Wnt-related binary specification system appears to be limited thus far to two animal phyla, and to two animal species (the nematode C. elegans and the annelid P. dumerilii) that develop rapidly with invariant embryonic cell lineages. Although molecular genetic studies of Wnt/b-catenin-mediated binary specification in C. elegans will continue to improve our mechanistic understanding of this process, it will be particularly interesting to learn if other animals use such a reiterative symmetrybreaking system in more limited fashion compared with C. elegans and Platynereis. For example, it will be interesting to learn if such a system is used during stem-cell development or organogenesis in vertebrates and other animal phyla.
Clearly we have much yet to learn about the mechanisms that mediate symmetry breaking in single embryonic cells. As a master of this art, the C. elegans embryo should continue to provide new and exciting insights into this most fundamental of developmental processes for a long time to come.
